[1] Ion measurements made by the Phobos 2 spacecraft revealed an extensive, ever-persisting escape of planetary ions in the Martian tail. Observations indicated that in large regions of the Martian tail, most ions were of planetary origin. The measurements suggested that the solar wind "pickup" of planetary ions is an important factor in the global Mars-solar wind interaction. However, how in detail the newly formed planetary ions affect the formation of the observed global plasma and field regions remained unanswered. In this paper the escape of Martian ions is studied with a quasi-neutral hybrid simulation model. The used hybrid model includes two ion species: the solar wind protons and the planetary ions. This approach makes it possible to study the asymmetries associated with the finite ion gyroradius as well as the difference between the motion of the solar wind protons and planetary ions. The source of the escaping ions is studied indirectly by producing planetary ions from two ion sources: the neutral corona (photoionization) and the ionosphere. The simulation is found to reproduce many observed features of the Mars-solar wind interaction in general and those of the planetary ions in particular. Ion escape within the optical shadow forms an antisunward flowing beam of $1 keV planetary ions, much as observed. A total mass loss rate of $100 -400 g s À1 is found to be large enough to reproduce several plasma and magnetic field features observed by Phobos2 on its circular orbits. Simulations produce a wide region behind the planet where the density and the particle flux of H + ions are much smaller than their solar wind values, resembling the observed "proton cavity." The work also depicts how the "ionotail," formed mainly by the escaping planetary ions, is embedded in the Martian magnetotail. The runs also result in a notable asymmetry with respect to the direction of the convectice electric field in the solar wind which is caused by the finite ion gyroradius. The magnetopause also demonstrates the asymmetry: the magnetopause is a sharp boundary or a smooth transition layer, depending on the direction of the upstream convective electric field. Overall, the work illustrates the importance of the plasmaneutral interactions in the global Mars-solar wind interaction.
Introduction
[2] The role of planetary ions is commonly thought to be of great importance when the solar wind interacts with Mars and Venus because the solar wind can flow close to these planets that do not have a notable global intrinsic magnetic field. In such a situation the solar wind electric field can accelerate planetary ions to energies which enable them to escape from the planet. The resulting nonthermal ion escape process affects the flow of the solar wind near the object when the accelerated ions, the so-called pickup ions, extract energy from the solar wind flow.
[3] If the ion escape rate is strong, the loading of new planetary ions is expected to cause global effects to the near-planet plasma and field environments. Quantitative estimations of these effects at Mars and Venus have mostly been based on global simulations. This is because measurements are still sparse: the first, and so far the only, direct O + ion measurements about the accelerated escaping ions came from the Phobos 2 measurements of Mars in 1989. The ion measurements showed an intensive flow of escaping planetary ions in the nightside [Lundin et al., 1990] . Although Phobos 2 measurements do give a unique data set for studying escaping ions, the relatively small data set left some of the crucial questions more or less open. For example, the estimation of the total ion escape rate of $1 kg s À1 [Lundin et al., 1990 ] is based on a relatively small data set. The two different ion instruments also gave a somewhat different picture about the ion outflow in the tail (see discussion by Lundin et al. [1993] ). Furthermore, although statistical analysis of the ion measurements has given some insight on the spatial distribution of the escaping O + ions and their properties, the measurements could not give detailed information on the asymmetric outflow features [Kallio et al., 1995b] . Possible asymmetries are of importance, for example, when the measurements are used to estimate the total ion outflow rates. The measurements indicated that ion escape included several ion species , but the type of the escaping ions whose mass exceeded the mass of an oxygen atom remained uncertain.
[4] Modeling the Martian pickup ions is a challenging task for global models, for example, because of the large ion gyroradii compared to the spatial scale of the Mars-solar wind interaction region. Test particle simulations made for Mars and Venus [Luhmann and Schwingenschuh, 1990; Luhmann, 1990; Lichtenegger et al., 1995; Kallio and Koskinen, 1999] do take finite gyroradius effects into account, but they do not self-consistently account for the effects of the new ions on the flow of the solar wind. Gas dynamic [see Spreiter and Stahara, 1992 , and refer-ences therein] and magnetohydrodynamic (MHD) models [see, for example, Tanaka, 1993; Bauske et al., 1998; Liu et al., 1999] make it possible to take into account mass loading effects selfconsistently, but the models do not include finite gyroradius effects.
[5] In this paper the ion escape from Mars is analyzed with a quasi-neutral hybrid model. In the model, ions are treated as particles, and electrons are treated as a massless charge-neutralizing fluid. Ions are accelerated by Lorentz's force, and the magnetic field is frozen into the electron fluid. The approach takes into account ion finite gyroradius effects, and different ion species can have different bulk velocities. This approach has been found to provide a powerful tool for studying the solar wind interaction with Mars and Venus where the kinetic effects play an important role [Brecht and Ferrante, 1991; Brecht et al., 1993] . A hybrid model has recently been used to study asymmetries with respect to the direction of the convective electric field E SW = ÀV SW Â B SW (V SW is the velocity of the solar wind, and B SW is the interplanetary magnetic field, IMF) [Shimazu, 1999] . Moreover, in a multi-ion hybrid model no ad hoc assumptions about the similar velocity distribution with different ion species have to be made. Lately, a two-ion hybrid model (H + and O + ions) has been used to study the atmospheric effects of the solar wind protons precipitating in the Martian atmosphere [Kallio and Janhunen, 2001] .
[6] In this work a two-ion quasi-neutral hybrid model is used to study the ion escape in the Martian tail. The analysis is focused on studying the Martian nightside regions, from which the majority of the Phobos 2 O + ion observations came. The developed hybrid model can include one planetary ion species in addition to solar wind protons. In this paper the planetary ions were chosen to be O + ions because O + ion measurements by Phobos 2 provide the most complete ion data set to study the escape of Martian atmospheric ions and, consequently, the most accurate estimation for the planetary ion escape rate. Choosing O + ions also makes it possible to study the role of pickup O + ions produced from the Martian hot oxygen corona.
[7] We especially address the following questions: (1) What is the three-dimensional (3-D) spatial distribution of the outflowing ions in the tail, (2) how important are finite gyroradius effects, (3) what is the relative importance of planetary ions formed from the neutral corona as compared with those originating from the ionosphere, (4) how does the amount of the mass loading affect the properties of the magnetotail, and (5) how do the escaping ions move with respect to the solar wind protons, and in particular, how does the region where the solar wind protons are the dominant ion species change to the region where the dominating ions are planetary ions?
[8] The paper is organized as follows. First, some of the basic properties of the hybrid approach used and the adopted input models are discussed. Then the basic properties of the Martian ionotail and magnetotail in different runs are presented. The effects are studied by analyzing six runs with different ion sources or different ion production rates. Special emphasis is placed on representing the simulation results in a form that makes a direct comparison of the observed plasma and magnetic field features possible. This is done by presenting the simulated parameters on a spherical shell of the same radius as the Phobos 2 circular orbit of 2.8 Martian radii. Then the used hybrid model approach is compared to the test particle approach and a fluid description. Finally, the applicability and the domain of validity of the model used and the presented results are discussed.
Model Description
[9] The quasi-neutral hybrid code used is identical to the one recently used to study atmospheric effects of the precipitating protons to the Martian atmosphere [Kallio and Janhunen, 2001] . Here only some basic features of the model are pointed out.
[10] The model includes the solar wind H + and Martian O + ions. Electrons are modeled as a massless neutralizing fluid. The ions are moved by the Lorentz force:
where m and v are the mass and the velocity of an ion that can be a solar wind proton (subscript H + ) or a planetary ion (subscript O + ). E, B, and U e are the electric field, the magnetic field, and the bulk velocity of electrons. The electric field is assumed to be frozen into the electrons:
where
Here j is the electric current derived from Ampére's law,
ions, n e is the density of electrons that is equal to the sum of the ion densities ðn e n H þ þ n O þ Þ, and e is the unit charge.
[11] A hierarchically refined cubic grid is used with the largest grid size of 0.2 R M (R M = Martian radius = 3393 km), the medium size of 0.1 R M , and the smallest size of 0.05 R M % 170 km (Figure 1) . The model includes an obstacle 207 km above the planetary surface at r = 3600 km. A fully absorbing boundary condition is used at the obstacle boundary, as in the earlier study: H + and O + ions are taken away from the simulation if they hit the obstacle boundary.
[12] Planetary ions are formed from two sources: the neutral corona and the ionosphere. The ionospheric source is modeled by emitting O + ions from the obstacle boundary, which mimics the top of the ionosphere in the hybrid model. The ionosphere is assumed to emit planetary ions at a rate which corresponds to the thermal flux from a plasma with temperature T = 10 eV. Most of the ions, 90%, are emitted from the dayside, and the remaining 10% are assumed to come from the nightside. The total ion production rate from the ionosphere, q iono , is an input parameter. Another O + ion source is a neutral corona with an exponential scale height of 1100 km. The corona is spherically symmetrical apart from the fact that no corona ion formation takes place in the shadow of the planet. The total ion production rate q corona is also an input parameter.
[13] The coordinate system is such that x is toward the Sun, y is in the interplanetary magnetic field (IMF) direction, and z completes the right-handed system. The size of the simulation box is À3 R M x, y, z 3 R M . The simulation is run from t sim = 0 s to t sim = 400 s. For convenience, in this work the same terminology is used as when the Phobos 2 particle data were interpreted: The boundary downstream of the bow shock where the flux and density of the solar wind protons decrease notably is referred to as the magnetopause (MP), the region between the magnetopause and the bow shock (BS) is referred to as the magnetosheath, and the region downstream of the magnetopause is referred to as the magnetosphere.
[14] The escape of planetary ions is studied by varying the production rates from the ionosphere and the neutral corona. Table 1 presents the six analyzed runs. Run 1, referred to as the baseline case, is analyzed in the most detail. The five remaining runs are used to study the role of the different ion sources (runs 2 -5) and to estimate the upper limit of the total ion escape rate (run 6). In all runs the upstream conditions are as follows: the density of the solar wind protons n SW is 2.5 cm À3 , the bulk velocity is U SW [À400, 0, 0] km s
À1
, the proton temperature is 40 eV, and the original proton velocity distribution function is Maxwellian. IMF is along the Y axis: B SW = [0, 3, 0] nT, as mentioned above. The convective electric field in the solar wind E SW points therefore in all runs to the +z direction. The hemisphere where z > 0 (z < 0) is referred to the +E SW (ÀE SW ) hemisphere (see Figure 1) .
[15] The questions about the interpretation of the results will be discussed in more detail in section 4, but two aspects are already now worth mentioning. First, some of the formed planetary ions hit the obstacle boundary in the model and are thus taken away from the simulation. Therefore the number of escaping ions from Mars in unit time, J escape , gives a more useful number to characterize the strength of the mass loading in a run than the input ion production rates q iono or q corona if an absorbing boundary condition is used. Second, the mass resolution of the ASPERA/Phobos 2 instrument, the only instrument capable of separating accelerated escaping heavy planetary ions with different m/q ratios (m is mass of an ions, and q is the electric charge of an ion) was not good enough to separate O + ions from, say, C + or N + ions [see, for example, Norberg et al., 1993] . The observed ion outflow rate of $0.5 kg s À1 associated with $16 m H /e ions [Lundin et al., 1990] can therefore be a mixture of several ion types. In the hybrid runs the planetary ions have a m/q value exactly 16 m H /e. These ions are expected, to some extent, to also illustrate the mass loading effects of the other escaping ions with m/q ratios close to 16 m H /e. As a result, the most appropriate single value to characterize the strength of the mass loading in = number of escaping m/q = 16 amu/e ions from the simulation box. Obtained from the surface integral R n ion V ion Á dA over the sides of the simulation box at t = 300 s.
c J esc
the analyzed runs may be the total loss of mass from Mars per a unit time J escape M given in Table 1 .
Simulation Results
[16] The solution in an individual run gives the electric field, the magnetic field, and the macroscopic plasma parameters of H + and O + ions. There are so many fully 3-D parameters that we are forced to focus on analyzing only certain parameters. In this paper the emphasis is placed on studying the particle flux of O
equal to the bulk velocity of O + ions), especially how it is related to the particle flux of the solar wind protons n H þ U H þ , and the total magnetic field jBj in those Martian regions from which the majority of the Phobos 2 planetary ion measurements came. The properties of the solar wind protons on both the dayside and nightside in the baseline case (run 1) can be found elsewhere [Kallio and Janhunen, 2001] . Below, after a brief illustration of the magnetic field 
SIA
1 -4 morphology (section 3.1), the macroscopic ion parameters and the magnetic field are presented first in the XY and XZ planes (section 3.2) and thereafter on a spherical shell (section 3.3).
Draping of the Magnetic Field
[17] Figure 2 shows the general morphology of the magnetic field near Mars in the analyzed hybrid model runs. Magnetic field lines are piled up against the model obstacle boundary in the dayside. Piling up of the magnetic field is strongest at the subsolar point, and the strength of the field decreases with increasing solar zenith angle (SZA). The magnetic field lines slip around the planet and form a magnetotail in the nightside. Note that some of the field lines depicted in Figure 2 come so close to the model obstacle boundary that in the used field line tracing algorithm some of them slightly penetrate ($300 km) the obstacle boundary.
XY and XZ Planes
[18] In the simulation, and also from the measurement point of view, the XY and XZ planes provide two different views to the tail region. In the runs the XY plane represents the plane on which B SW lies, and therefore E SW is perpendicular to the plane (see Figure 1) . The solution in the XY plane should be symmetric in y apart from statistical fluctuations. Furthermore, the XY plane represents a more suitable plane to make a comparison with Phobos 2 measurements than the XZ plane because the IMF lies more often in the ecliptic plane than perpendicular to it and because the inclination of the Phobos 2 orbits was <45°. In that respect the XY plane could also have been referred to as the "Phobos 2" plane or the "NOZOMI" plane (a spacecraft that will arrive at Mars in late 2003).
[19] In the XZ plane the solutions in the z > 0 and z < 0 halves are, however, not similar because of finite gyroradius effects. The convective electric field accelerates newly formed ions asymmetrically in the +E SW and ÀE SW hemispheres. In MHD models, on the contrary, the solution would be symmetric in z. The XZ plane could also be named the "Mars Express" plane (a spacecraft that will arrive in Mars in late 2003 and will have a polar orbit). When the runs are compared with the observations made at Venus, the XZ plane could also be referred to as the "PVO plane" because the Pioneer Venus Orbiter (PVO) spacecraft had a polar orbit. It should finally be noted that the XZ plane is the plane close to which the cross-tail current sheet and the plasma sheet are expected to be.
3.2.1. Baseline Model.
[20] Figure 3 gives an overview of the solar wind flow in the nightside and the formed magnetotail in the XY and XZ planes of the baseline model. In both planes a region with enhanced proton flux as compared to the upstream conditions is formed. Note that the proton flux near the planet is larger in the +E SW hemisphere than in the ÀE SW hemisphere. In fact, earlier analysis has shown that the precipitation of the solar wind protons to the Martian atmosphere is more extensive on the +E SW hemisphere than on the opposite hemisphere [Kallio and Janhunen, 2001] .
[21] Two magnetic tail lobes are formed in the nightside (Figure 3c ) when the magnetic field lines drape around the planet. Note that the XZ plane represents the plane in which the j Â B force associated with the draped magnetic field near the planet close to the terminator is expected to cause a "slingshot" that accelerates ions tailward [Tanaka, 1993] . As can be seen in Figure 3d , the piling of the draped magnetic field toward the planet is notably stronger on the +E SW hemisphere than on the ÀE SW hemisphere.
[22] Figure 4 shows the particle flux and the particle density of O + ions in the baseline run. The density and the particle flux of O + ions are highest near the planet. The escaping ions form an ionotail in which the particle flux and the ion densities reach their maximum within the optical shadow. Note that the Martian tail is filled with O + ions whose flux is in large regions comparable to or larger than the flux of H + ions (compare Figures 3a and 4a) .
[23] In the XZ plane (Figures 4b and 4d ) the properties of O + ions are highly asymmetric with respect to E SW . The particle flux and the particle density are high only in the ÀE SW hemisphere. On the other hand, the escaping O + ions are spread out over a much larger volume in the +E SW side than in the ÀE SW side. The boundary of the ionotail is sharp in the ÀE SW side, while in the +E SW side the flux and the density of O + ions decrease relatively smoothly when the distance from the x axis increases.
3.2.2. CoronaVersus Ionosphere Source.
[24] Figure 5 shows the ionotail resulting from O + ions escaping from the ionosphere only. Figures 5a and 5b illustrate run 2, where the ionospheric source is the same as in the baseline run 1 but the corona source is excluded (Table 1 ). In the XZ plane the highest flux is within the optical shadow on the ÀE SW side (Figure 5b ). In the XY plane the ionospheric ions are concentrated within the optical shadow near the x axis.
[25] The acceleration of the planetary ions depends on the global morphology of the magnetic and electric fields, which are in turn related to the mass-loading rate. Figures 5c and 5d show run 3, which includes only an ionospheric source but where the total emission rate from the ionosphere is put equal to the total ion production rate of the baseline run 1 (Table 1 ). In run 3 ( Figure 5d ) the ions escape more antisunward than in the nominal run (Figure 4b ), the maximum flux occurring close to the boundary of the optical shadow at ffiffiffiffiffiffiffiffiffiffiffiffiffiffi y 2 þ z 2 p $ 1R M . This indicates that in the models without corona (runs 2 and 3), U z (O + ) is small compared with ÀU x (O + ,) which results in a very slow shift toward +E SW . As a result, the O + flux in runs 2 and 3 is different from the baseline run 1.
[26] Figure 6 shows an analysis similar to that presented in Figure 5 but now for the two runs, 4 and 5, that include only the neutral corona sources: the baseline model but without the ionospheric source (Figures 6a and 6b ) and when the ion production rate from the neutral corona is put equal to the total ion production rate of the baseline model (Figures 6c and 6d) . Comparison with Figure 5 also depicts how ions from the neutral corona shift more effectively toward the +E SW side than the ionospheric ions do. The shift smoothes the ionotail boundary in the ÀE SW side (Figure 6b ) that was very sharp in the corona-free runs. Note that in Figures 6a and 6b the ion flux is low near the antisunward point at x = À1R M on the x axis. The depletion region is formed because no ions are produced from the corona within the optical shadow and the convergence of the ions toward the x axis on the nightside is too low to increase the flux and density of O + ions there. The subsolar region is filled more effectively with O + ions when the mass loading is increased (Figures 6a and 6b ). [27] It should finally be noted that the ionotail seems to become more symmetric when the mass loading is increased both in the pure ionosphere and in the pure neutral corona models. Furthermore, the shift of the planetary ions toward the +E SW side and the resulting asymmetic ionotail can be seen clearly in all runs, 1 -5.
Comparison of the values in the XY and XZ planes suggests that the ions in the XY plane are originating mostly from the ÀE SW side and accelerated then toward the +E SW side and that the shift is more effective in the pure corona model (Figure 6b ) than in the pure ionosphere model (Figure 5b ).
The most suitable surface to present the obtained macroscopic parameters in order to compare them with Phobos 2 measurements is a spherical shell of the radius of the Phobos 2 circular orbit: r = 2.8 R M .
[29] Figure 7 shows how the oxygen ions are distributed on the spherical shell in the nightside in the three runs, 1, 3, and 5, that had the same total ion production rate (Figures 7a -7c) . It shows that all three cases result in a more or less asymmetic ionotail with respect to the direction of the convective electric field. The outflow of O + ions is most asymmetic in the pure ionosphere mode, the highest densities occurring on the ÀE SW side (Figure 7a ). O + ions near the maximum density value form an antisunward moving beam, while O + ions on the +E SW side have a notable velocity component in the +z direction. The transverse velocity component
Þ is small both within the optical shadow and in the magnetosphere. In all three runs, O + ion maximum density is within the optical shadow or close to it.
[30] Figures 7d -7f illustrate how O + ions are related to the low proton density region behind the planet. The proton density is in large regions smaller than the density of the undisturbed solar wind protons of 2.5 cm À3 in all three runs. A notable feature is also a substantial transverse motion of H + ions in all three runs. The protons in the tail flow very differently from the planetary ions which move within the optical shadow mostly along the Àx axis. Figure 7 therefore illustrates that the solar wind protons deep in the tail do not move in concert with the escaping planetary ions.
[31] The total magnetic fields in the three models are given in Figures 7g -7i . The magnetotail is analyzed in more detail later, but it is worth noting that in all three runs the magnetic lobes are positioned symmetrically in y and that a cross-tail current sheet is formed between the magnetic lobes. In the pure ionosphere model the mass loading is too low to compress the magnetic field much over the value of IMF of 3 nT (Figure 7g ). In the pure neutral corona model the magnitude of the magnetic field exceeds noticeably its value in the solar wind, but the magnetic lobes are situated far away from the x axis. In fact, the maximum field magnitudes are located near the empirical magnetopause. In the baseline run the resulting magnetic field in the magnetotail is, instead, quite well in agreement with observations according to which in the Phobos 2 orbit the maximum magnetic field compression is $2 and, in the first approximation, the z component of the magnetic field remains small if the major IMF component is B y [see, for example, .
3.3.1. Baseline Model.
[32] Figure 7 gave an overview of the distribution of O + and H + ions on the nightside and of the formation of the magnetotail. We now study the ionotail and the magnetotail in more detail along a circular path on the spherical shell, first in the baseline case, then in other runs as well.
[33] Figure 8 shows the parameters on the spherical shell of radius 2.8 R M in the XY plane, thus describing the orbit of an imaginary Phobos 2 type spacecraft. The abscissa is the angle measured from the +X axis. The imaginary spacecraft would move counterclockwise in Figure 3a . Figure 8a depicts how the two magnetic tail lobes and the cross-tail current sheet are formed. The magnetic field in the XY plane is much as observed on a Phobos 2 circular orbit in a case when the IMF X component was low [see Luhmann et al., 1991, Figure 9] . A "proton cavity," where the bulk speed and the particle density of the solar wind protons are much less than in the solar wind, can clearly be seen in Figure 2b . Proton plasma parameters have many similarities with Phobos 2 H + ion 3-D measurements, according to which [Kallio et al., 1994] [Kallio et al., 1995a] . Analysis of Phobos 2 O + energy spectra has also shown that the peak energy of the oxygen ions in the Martian central tail was close to the energy of the undisturbed solar wind protons . Figure 8c shows that in the simulation the density of O + ions reaches its maximum within the optical shadow near the x axis, much as is expected to be the case according to Phobos 2 measurements [Kallio and Koskinen, 1999] . Note that although n O þ U O þ is not shown in Figure 8c + ions thus move in opposite directions with respect to the direction of the E SW . It should be recalled that plasma and field parameters' symmetry in y results from the symmetric upstream parameters (IMF has only the y component).
[35] Figure 9 shows that the nightside of the XZ plane is, in contrast to the XY plane, highly asymmetric. The asymmetry, caused by the convective electric field, is most clearly seen in O + ions (Figure 9c ). The antisunward velocity ÀU x (O + ) reaches its maximum value near the terminator plane on the z > 0 side, i.e., in the +E SW hemisphere. Furthermore, the O + density decreases smoothly in the +E SW hemisphere as one moves from the optical shadow toward the terminator plane. Instead, in the ÀE SW hemisphere, O + density decreases from the shadow to the terminator plane much more rapidly than on the opposite hemisphere. The same +E SW /ÀE SW hemisphere asymmetry can also be seen in
, and B y (Figures 9a and 9b) . Also, temporal variations are much more intense in the +E SW hemisphere than in the ÀE SW hemisphere or in the XY plane (Figure 8 ).
[36] Finally, it should be noted that the maximum energy that newly formed O + ions can obtain in the simulation depends on the spatial dimensions of the simulation box, especially on the spatial distance in the +E SW direction. The maximum energy obtained from the simulation (assuming that the gyroradius is larger than the size of the simulation box) can be approximated to be $jE SW jÁjL z j, where jL z j is the width of the simulation box that is in the presented runs jL z j = 6 R M . The corresponding maximum energy and velocity of O + ions in the analyzed runs where jE SW j = 0.12 mV (= 400 Â 10 3 m s À1 Â 3 Â 10 9 T ) are therefore $2.4keV and $170 km s À1 , respectively.
Comparison of Different Runs.
[37] Figure 10 shows the basic plasma and field parameters in the XY and XZ planes in the six analyzed runs: in the baseline run 1 (red lines), in the pure corona run 4 (blue dashed lines), in the pure ionosphere run 2 (dashed green lines), in the increased corona run 5 (blue solid lines), in the increased ionosphere run 3 (green solid lines), and in the 4Â baseline run 6 (black lines). It illustrates how certain characteristic features remain unchanged in all runs: n O þ is highest within the optical shadow, U O þ $ 100 À 200 km s À1 in the magnetosphere, n H þ and U H þ are much smaller in the magnetosphere than in the solar wind, and +E SW and ÀE SW display hemisphere asymmetry in the plasma and field parameters in the XZ plane.
[38] Certain differences between the runs with different planetary ion sources can, however, also be found, as can be seen in Figures 10a and 10b . The pure ionosphere source runs 2 (dashed green lines) and 3 (green solid lines) result in a spatially more localized increase of n O þ around the x axis in the XY plane than seen in the pure oxygen corona runs 4 (dashed blue lines) and 5 (blue solid lines). Moreover, the magnetic field changes only slightly in a spatially localized region from the pure ionosphere source run 2 to the increased ionosphere run 3 as compared to the changes between the pure corona run 4 to the increased corona run 5. It should also be noted that change from the increased ionosphere model to the pure ionosphere model depicts the trend of what happens when the mass loading rate in general decreases: jBj and U H þ become closer to their values in the solar wind.
[39] Figures 10a and 10b illustrate how changes in the O + production rate in the pure neutral corona models 4 and 5 influence strongly the position of the bow shock and the magnetopause. The production rates used are therefore strong enough to cause global changes in how the planet interacts with the solar wind. Note that the mass-loading rate in the increased neutral corona model 5 and in the 4 baseline run 6 (Figure 10 , black lines) produced more distant bow shock and magnetopause than what is observed.
[40] The question of how the plasma parameters change from the solar wind proton dominated region to the region dominated by the planetary ions from the magnetosheath toward the center of the tail has received attention when Phobos 2 ion measurements have been analyzed [Lundin et al., 1990; Lundin and Dubinin, 1992] . Figures 10c and 10d show how the importance of O + and H + ions changes in the tail in the analyzed six runs. In all runs the mass flux within the optical shadow, or close to it, is associated mostly with O + ions (Figures 10c and 10d , top panels). In fact, in all runs, except in the pure ionosphere runs 2 and 3, even the O + particle flux exceeds the H + ion particle flux in the central tail on Phobos 2 circular orbits (Figures 10c and 10d , second panels from the top). Furthermore, in all runs except the pure ionosphere source runs, n O þ can be larger than n H þ in the tail (Figures 10c and 10d , third and fourth panels from the top). This is in agreement with the observations because the situation n O þ =n H þ > seems to be common in the Martian tail both on the Phobos 2 elliptical [Lundin et al., 1990] and circular [Lundin and Dubinin, 1992] [42] The XZ plane is a useful plane for studying the motion of individual ions quantitatively. The magnetic field is perpendicular to the XZ plane, and the electric field vectors lie in the XZ plane in all analyzed runs because the IMF has only a y component. Therefore, if an ion on the XZ plane has a zero v y velocity component, the particle gyrates around the magnetic field, always remaining in the XZ plane.
[43] Figure 11a gives an example of the motion of test particles in the XZ plane of the baseline run. The magnetic field is as in Figure 3 , and the electric field is calculated from (2). Recall that the magnitudes of both B and E fields are asymmetric in z because of the mass-loading effects and finite ion gyroradius. In Figure 11a , H + trajectories illustrate how the flow of the solar wind diverges near the planet and how part of the incoming H + ions hit the model obstacle. The flow asymmetry in the +E SW and ÀE SW hemispheres is also clearly seen: The protons on the ÀE SW side flow farther from the X axis than the protons on the +E SW side.
[44] The O + ions that were launched upstream of the bow shock and the two O + ions formed in the magnetosheath in the +E SW hemisphere move almost along the +Z axis. These escaping O + ions form a particle flux that decreases smoothly with increasing distance from the planet on the +E SW hemisphere (see Figure 4b) Figure 4b ) includes planetary ions with a very large gyroradius. In fact, Figure 11a suggests that O + ions within the optical shadow on Phobos 2 circular orbits move antisunward because they have not completed even one full gyroperiod from the starting point to the r = 2.8 R M . Overall, Figure 11a illustrates how differently H + and O + ions can move near the planet, especially in the +E SW hemisphere and deep in the tail.
3.4.2. Macroscopic equations.
[45] It is informative to note how the particle properties are related to the macroscopic parameters both because the parameters presented in this paper are macroscopic parameters and also in order to see how different plasma parameters are expected to be related to each other in the hybrid model used.
[46] Equations (1a) and (1b) 
Equations (4) and (5) can be simplified in regions where either H + or O + is clearly the major ion species. Let j be the index for the major ion, either H + or O + , whose density is much larger than the density of the other ion species, called k: n j ) n k . In this limit we can approximate
where d/dt is the convective time derivative and U j (U k ) and m j (m k ) are the bulk velocity and the mass of the major (minor) ion species, respectively. Equation (6) can be interpreted to indicate that if we calculate in the hybrid model the bulk velocity of the major ion species, the velocity obeys the equations of motion of the MHD theory according to which the fluid is accelerated by the j Â B force alone. The minor ion species in turn moves in an effective electric field corresponding to the major ion velocity (equation (7)), E effective = ÀU j Â B.
[47] However, in regions where the density of both ions is comparable, all terms in (4) and (5) Figure 11a) . The ðU H þ À U O þ Þ Â B in the XZ plane points therefore to the +x and Àz directions. As a consequence, H + plasma is accelerated in the Àz direction, and the antisunward velocity decreases. At the same time, O + plasma is accelerated in the +z and Àx directions.
[48] The asymmetric ion motion in the +E SW and ÀE SW hemispheres results in an asymmetric piling up of the magneticfield against the planet on the two hemispheres. In the analyzed model the magnetic field is frozen into the electrons (see equation (2)). Figure 11bshows the direction of the electron velocity vector U e in the XZ plane calculated from (3). Note that the velocity vectors at y = 0 are in the XZ plane because of symmetry (IMF has only a y component). The velocity vectors therefore illustrate how the magnetic flux tubes from the solar wind flow around the planet and how they "fill" the tail, which results in a formation of a magnetotail. Electrons move quite smoothly around the planet in the ÀE SW hemisphere, much as the streamlines of an empirical flow model [see Kallio and Koskinen, 1999, Figure 1b ]. In the +E SW hemisphere, on the contrary, the magnetic field is piled up strongly toward the model obstacle. The higher magnetic field near the planet on the +E SW hemisphere than in the ÀE SW is a result of the situation where the flux tubes diverge around the planet in the ÀE SW hemisphere and converge toward the planet in the +E SW hemisphere. This asymmetric motion of the flux tubes results in the +E SW /ÀE SW hemisphere asymmetry in the magnetic field magnitude seen in the whole nightside (see Figure 3d) .
[49] The electric field in the hybrid model can be expressed as a sum of three terms according to (2) and (3):
A notable feature of (8a) and (8b) is that in the XZ plane the relative importance of the E O þ as compared to the E H þ component depends on their particle flux ratio:
The relative magnitude of these two electric field components in different sites near Mars in the baseline run can therefore be estimated by comparing Figures 3b  and 4b . Furthermore, Figures 10c and 10d show the importance of the two components along a Phobos 2 circular orbit ( Figures  10c and 10d , second panels from the top). When the magnitudes of the three electric field components in (8c) were compared, the jE H þ jcomponent was found to form almost 100% of the total electric field magnitude upstream of the empirical magnetopause (figure not shown). The jE O þ j component was the major component in the ÀE SW hemisphere. In the region where the flux of O + was close to $10 7 cm À2 s À1 , the total electric field was made almost totally of the jE O þ j component. The E j Â B component was the dominant component only very near the planet (h ] 0.2R M ) in the +E SW hemisphere and also within the optical shadow around the x axis.
[50] When the acceleration and deceleration of ions are considered, the direction of the electric field is of importance, not only its magnitude. The direction of the electric field vectors in the XZ plane in Figure 11b can be obtained by rotating the U e vectors shown in Figure 11b 90°counterclockwise. The resulting electric field points almost everywhere in the +z direction. Although a detailed analysis of O + ion acceleration in the Martian tail near the cross-tail current sheet is beyond the scope of the present study, it is worth noting that U e has a negative z component in the tail (Figure 11b ) and, consequently, the total electric field has a negative E x component. This electric field component is associated with the E jÂB component, where j is the cross-tail electric current. The E jÂB component can therefore increase the antisunward velocity of the escaping O + ions within the tail.
Discussion
[51] In this paper the escape of Martian ions was analyzed by using a quasi-neutral hybrid simulation. It is worth noting the following aspects concerning (1) the applicability of the hybrid model used to analyze the problem, (2) the interpretation of the results, and (3) how the approach is related to earlier global modeling works.
Applicability of the Model
[52] The hybrid model used provides many new possibilities for studying ion loss at Mars as compared to MHD models. However, it, as do the other global approaches, has its limitations because of the simplifications made to speed up the computing performance and because of the adopted simplified interaction model.
Computing performance and simplifications.
[53] In the runs performed, the grid size in the central tail, 0.2 R M , was too coarse to analyze ion acceleration in the cross-tail current sheet in great detail. It is worth noting that, on the other hand, the coarse grid size used makes it possible to neglect the electron inertial length c=w pe ð¼ 5:31 km= ffiffiffiffi ffi n e p , where c is the speed of light, w pe is the electron plasma frequency, and the electron density n e is given in cm À3 ) in the generalized Ohm's law that is permissible for length scales much larger than the electron inertial length [Krall and Trivelpiece,1973] . Because the density in the analyzed runs is typically never much smaller than 1 cm À3 , the electron inertial length is typically at most a few kilometers. Since the smallest grid spacing used was 170 km, we are well in the domain where the electron inertial term is negligible.
[54] Another possible source of nonphysical phenomena could have been the nonuniform grid spacing. These possible artifacts are not, however, expected to be remarkable in the analyzed runs because the physical parameters vary relatively smoothly throughout the simulation box (see Figures 3 -11) although the grid size changes by a factor of 2 at two layers $0.5 R M and $1 R M away from the planet (see Figure 1 or Kallio and Janhunen [2001, Figure 1 ]. Furthermore, when the role of the grid size was tested by a test run by using the grid sizes of 0.1 R M in the region where it was 0.2 R M in the analyzed runs, no notable difference between the test run with a finer grid and the run made by using the larger grid sizes was found. [55] Moreover, the average number of particles per grid cell was only $10, which could cause statistical fluctuations in the macroscopic parameters. However, as seen in Figures 8 and 9 , the fluctuations in the hybrid model are relatively small. In fact, the basic properties of the runs remain stationary enough that no smoothing of the parameters by time averaging is required. The analysis also leaves some room for speculations simply because of the relatively low number (six) of runs.
[56] One of the most important individual factors of uncertainty is expected to be associated with the boundary condition used at $207 km from the surface. In all the presented runs a fully absorbing boundary condition was used. However, as seen in Table 1 , the use of a fully absorbing boundary condition results in situations where most of the produced O + ions hit the obstacle boundary and are therefore taken away from the simulation. Previous hybrid simulations [Shimazu, 1999] suggest that a hybrid simulation may produce more energetic ions near the planet if a fully reflecting boundary is used. The treatment of the ions that hit the obstacle may, in fact, have an effect on the overall global solution, for example, because the absorbing obstacle boundary is both a particle and energy sink. Different boundary conditions at the obstacle boundary should therefore be studied in more detail in the future.
4.1.2. O + ion production and emission models.
[57] The hybrid simulation results presented are expected to give a somewhat oversimplified picture of the mass loading and the overall Mars-solar wind interaction because of the way that O + ions were produced at the hot oxygen corona and at the ionosphere and because of the completely nonmagnetized obstacle used.
[58] First, in the analyzed runs the O + production rate was a manually given input parameter that was not derived self-consistently. The hybrid model does not therefore properly treat the production of O + ions by the electron impact ionization or by the charge exchange process (H + + O ! H + O + ) that both depend on the plasma parameters near the planet [Zhang et al., 1993; Bauske et al., 1998 ].
[59] The choice of the absolute O + production rate value from the oxygen corona was also somewhat arbitrary because it was chosen simply to be of the same order of magnitude as the observed total oxygen ion escape rate of $10 25 s À1 [Lundin et al., 1990] and also because the production rate was just enough to move the bow shock to the distance where it was observed to be by Phobos 2.
[60] Second, in this work the hot oxygen corona was assumed to be spherically symmetric for simplicity (the optical shadow region was removed, however). In the future a more realistic neutral density profile can be used in the developed hybrid model in order to study the asymmetries caused by nonspherically symmetric hot neutral oxygen corona. It should be noted that the derivation of a fully 3-D hot neutral corona density profile is a complicated task because the density depends on the density of atmosphere and ionosphere and their spatial and temporal variations. For example, recent 1-D [Kim et al., 1998 ] and 3-D [Hodges, 2000] simulations have shown how the 3-D hot oxygen corona density profile depends remarkably on the ionosphere density models used. The 1-D ionosphere model has in turn illustrated how the ion density in the Martian ionosphere depends on the escape rate of planetary ions, which is an unknown factor [Fox, 1997] .
[61] Third, the treatment of the O + ion emission from the ionosphere may be expected to be especially crude and oversimplified because O + ions were simply launched at the obstacle boundary at 207 km above the planet with 10 eV energy. Neither the flux nor the energies are therefore obtained from an ionosphere model that could have been used to estimate the total ion outflow from the Martian ionosphere [see Fox, 1997] . In this work the O + ions emission rate from the model obstacle was constant in the dayside and in the nightside. This was chosen for simplicity and also because the ionospheric loss rate has been studied by a 1-D ionosphere model [Fox, 1997] , but according to the authors' knowledge, not by any 2-D ionosphere model that would include latitudial or longitudinal differences. In particular, we know very little about ion sources and losses at the Martian nightside ionosphere [see, for example, Kallio and Janhunen, 2001 , and references therein]. In the present work the emission rate from the nightside was chosen artificially to be 10% of the total ion emission rate from the ionosphere. In the future a more realistic ion escape model can be implemented in the hybrid model, when such a 2-D escape model becomes available.
[62] When the realism of the ion escape rate used is considered, the question about the nature of the model obstacle boundary is of importance. In this work the model obstacle is 3600 km from the center of the planet, that is, $207 km from the surface. The height represents an altitude above which no collisions were assumed to take place between ions and neutrals in the hybrid model. In that sense the obstacle boundary can also be regarded as representing the Martian exobase. At the altitude of the model obstacle the ionospheric ions were also assumed to be accelerated up to 10 eV temperature by some unspecified acceleration mechanism. The exact height of the model obstacle boundary is not of importance in the hybrid model. Global interaction regions would have been practically similar even if the height of the obstacle boundary had been taken to be 300 km or, say, 400 km from the surface instead of the 207 km used. This is the case because the boundary conditions, especially the ion outflow rate, at the model obstacle were given manually; that is, it is not based on the density of the ionosphere at the height of the obstacle. The exact correlation between the height of the model obstacle and the ionospheric peak density altitude (that increases at Mars with increasing SZA [see, for example, Zhang et al., 1990] ) is therefore also not of crucial importance in the analyzed hybrid model runs.
[63] In reality, the physics of the region between the planet and the model obstacle that separates the collisionless plasma region from the collision-dominated region near the surface is expected to be complicated (see discussion by Kallio and Janhunen [2001] ). It can be speculated that a complete model about the solar windMartian atmosphere interaction may be obtained by combining two models: (1) a hybrid model that models the noncollisional regime and (2) an ionosphere model that includes the collision-dominated regime near the planet. These regions should be spatially separated by a third model, (3) a boundary layer, a transition layer, or an acceleration region model, that describes in detail how the solar wind starts to accelerate the newly formed ionospheric ions. A boundary layer model is needed because the developed hybrid model does not model how the solar wind magnetic field penetrates into the ionosphere and how the convective electric field accelerates the planetary ions from the ionosphere model into the hybrid model. 4.1.3. Magnetic anomalies: Venus-like versus Earth-like interaction.
[64] In this work Mars was modeled as a nonmagnetized sphere, and thus effects caused by the magnetic anomalies observed by Mars Global Surveyor (MGS) [Acuña et al., 1998] were not taken into account. These strong magnetic field regions are expected to change the way the solar wind interacts with the planetary atmosphere and ionosphere [see, for example, Ness et al., 2000] . The radial magnetic field associated with the magnetic anomalies may create localized magnetic cusp-like regions inside which the solar wind particles may enter deep into the atmosphere. On the other hand, the tangential magnetic field component with a magnitude of several hundreds of nanoteslas can shield the atmosphere effectively against the solar wind flow. One may thus also expect "Earth-like" interaction features to take place at Mars.
[65] On the global modeling point of view the analysis of the global interaction regions formed near Mars is computer time and memory consuming because a small grid size should be used near the magnetic anomalies and because the global solution depends on the direction of the magnetic field with respect to the direction of the crustal magnetic field. In a global 3-D MHD model in which the crustal magnetic field was modeled by including a magnetic dipole on the planetary surface, the dipole was found to increase the density of electrons above the dipole and to push the bow shock $0.1 -0.2 R M farther away from the planet, depending on the position on the dipole at the surface [Liu et al., 2001] .
[66] When the effects of the magnetic anomalies on the presented hybrid simulation results are considered, it is important to note that most of the observed magnetic anomalies are in the Martian southern hemisphere [Acuña et al., 1999] . In such a case the hybrid simulation results presented might therefore be anticipated to be more in agreement with the observations made by a spacecraft in the northern hemisphere. MGS has a polar orbit, which made it possible to study effectively magnetic anomalies, but for the same reason it also provided magnetic field data that are occasionally strongly affected by the local magnetic field. In comparison, the orbit of Phobos 2 was much closer to the ecliptic plane than was the orbit of MGS. Phobos 2 measurements are therefore anticipated to be less affected by the crustal magnetic field than MGS measurements, illustrating Venus-type planet-solar wind interaction that was modeled in this work. However, as suggested in Figure 11b , O + ions observed by Phobos 2 deep in the tail at low latitudes can be expected to have originated also from the southern or northern hemisphere. In such a way the magnetic anomalies on the one hemisphere can also affect the overall interaction and ion escape flow patterns.
Interpretation
[67] O + ions in the pure ionosphere source runs 2 and 3 ( Figure 5 ) are expected to give some insight also into how other planetary ions whose m/q values are close to O + ions, such as C + or N + , may escape from the Martian tail. Fast atomic carbon and nitrogen atoms can be formed in the dissociative recombination processes CO + + e À ! C + O, and N 2 + + e À ! N + N in much the same way as the fast oxygen atoms are produced from the process O 2 + + e À ! O + O [Fox and Hać, 1999] . Furthermore, Martian ionospheric models suggest that the O 2 + escape rate may exceed the escape rate of O + ions [Fox, 1997] . In fact, Phobos 2 observed that the escape flux of O 2 + ions can be several times larger that the flux of escaping O + ions near the Martian plasma sheet [Norberg, 1998] . Figure 5a suggests that the outflow of the ions originating from the ionosphere is concentrated in the plasma sheet in the XY plane, but the outflow can be quite asymmetric in the XZ plane (Figure 5b) .
[68] The comparison of global mass-loading effects caused by O + ions from the neutral corona and from the ionosphere suggests that, at least in the production rate range used, O + ions from the oxygen corona affect more effectively the distance of the bow shock and the extent of the proton "cavity" behind the planet than the O + ions emitted from the ionosphere (see Figure 10 ). In this respect the oxygen corona seems to control the overall interaction region size and also how the solar wind decelerates and flows around the planet. The ionospheric ions, in turn, seem to cause spatially more localized effects within the tail. If the oxygen corona can really control the flow of the solar wind near the planet and, consequently, the energy flux available to accelerate the ionosphere ions, a situation may arise where the mass loading from the neutral corona controls the loss of the planetary ions from the ionosphere.
[69] Some hints regarding the aforementioned control may also be obtained from Venus. The Mars-solar wind interaction has been observed to have many features in common with the Venus-solar wind interaction according to Mars Global Surveyor [Cloutier et al., 1999; Vignes et al., 2000] . PVO observations at Venus in turn have suggested that the possibility of the planetary ions convecting from the dayside to the nightside depends on the height of the ionopause, which in turn can be related to the dynamic pressure of the solar wind [see, for example, Knudsen, 1992] . This suggests that a realistic self-consistent treatment of the ion emission at the obstacle boundary in the hybrid model used that mimics the upper boundary of the ionopause should take into account possible altitude changes caused by varying upstream conditions. For example, previous hybrid simulations have shown that the size of the proton "cavity" behind a nonmagnetized planet may depend on the upstream solar wind parameters [Brecht, 1995] .
Comparison With Models and Observations
[70] The motion of planetary ions near Mars that takes into account finite gyroradius effects has previously been analyzed most often by test particle simulations [see, for example, Kallio and Koskinen, 1999, and references therein] and recently also by hybrid models [Shimazu, 1999 [Shimazu, , 2001 Kallio and Janhunen, 2001] .
[71] The hybrid model results shown in Figures 2 -10 and 11b and the motion of test particles shown in Figure 11a illustrate several similarities as well as differences between the present work and previous test particle simulations. Although the size of the simulation box used limits the study of high-energy O + ions, O + ion trajectories in the solar wind and in the magnetosheath in the +E SW hemisphere shown in Figure 11a have many similarities with the ion trajectories obtained from earlier test particle simulations [Luhmann, 1990; Luhmann and Schwingenschuh, 1990; Kallio and Koskinen, 1999] . Some of the O + ions formed in the hybrid simulations hit the model obstacle boundary [Luhmann and Kozyra, 1991; Kallio and Koskinen, 1999] . In this paper, as in earlier test particle simulations [Kallio and Koskinen, 1999] and hybrid simulations [Brecht, 1997; Shimazu, 1999] , some of the solar wind protons hit the model obstacle as well. Furthermore, in test particle simulations [Kallio and Koskinen, 1999] a "proton cavity" was formed behind the planet, as in the hybrid model. The simulations also support Phobos 2 observations [Lundin et al., 1990] , according to which the density of the planetary ions can exceed the density of solar wind protons in large regions in the magnetotail.
[72] The question of how the planetary ions mix with the solar wind protons in the Martian tail boundaries has received attention . In the hybrid simulation the magnetopause appears to be smoother and more fluctuating in the +E SW hemisphere than in the ÀE SW hemisphere (see Figure 9) . Observations in the Martian and Venusian tails suggest that such differences may really exist. When Phobos 2 crossed the Martian magnetopause at X $ À10R E on its elliptical orbits, it detected both a magnetopause crossing where the magnetic field changed rapidly (Phobos 2 orbit 1) and a crossing where the magnetopause was a turbulent transition layer (Phobos 2 orbit 2). These features were similar to what was observed earlier in the Venusian tail by PVO: the magnetopause was occasionally found to be a broad boundary layer in the +E SW hemisphere and a very narrow current sheet in the ÀE SW hemisphere [Slavin et al., 1984] . Furthermore, certain asymmetry was also found in Phobos 2 3-D H + velocity data, but its origin remained unanswered [Kallio et al., 1994] .
[73] The difference between test particle runs and the study presented in this paper is that this work, besides including the asymmetry associated with finite ion gyroradius, also includes the asymmetric electric and magnetic fields resulting from mass loading. For example, in a test particle simulation where the magnetic field was assumed to be symmetric in the +E SW and ÀE SW hemispheres, the solar wind protons shifted slightly toward the +E SW hemisphere, as did the O + ions [Kallio and Koskinen, 1999, Figure 11 ]. In the hybrid simulation, instead, the solarwind protons that come to the +E SW hemisphere shift toward the Àz direction (see Figure 11a) . Although the comparison between test particle simulations and the macroscopic plasma parameters presented in this work is not straightforward, test particle simulations seem to result in spatially more structured O + ion distribution in the Martian tail than does the hybrid simulation [cf., for example, Kallio and Koskinen, 1999, Figures 5 and 8 ] (see also Figure 7 ). The difference may be related to the high magnetic field values in the Martian tail in the empirical model resulting from streamlines that converge too much behind the planet. However, a detailed case study between the hybrid model and, for example, the observed O + ion energy spectra is beyond the scope of the present study.
[74] The question that should be studied in more detail in the future by using a smaller grid size in the nightside is how different electric field terms in (8c) accelerate different planetary ion species in the Martian tail near the cross-tail current sheet. The question about the nature of the electric field that accelerates the planetary ions has also received notable attention [Lundin et al., 1990; Ip, 1992; Dubinin et al., 1993; Lichtenegger et al., 1995] . In particular, the planetary ions with different m/q ratios have been found to have relatively similar energies .This feature has been interpreted to indicate that E Â B drift is not the dominant motion in the tail and that there has to be an electric field pointing to the Àx direction along which the ions move. Such electric fields have been suggested to be associated with the j Â B term that is expected to point in the Martian tail predominantly in the Àx direction [Lichtenegger et al., 1995] . The role of different electric field components could be studied in the hybrid model by test particles, as in Figure 11a , because the ion trajectories could be calculated by using one of the three electric field components ðEþ ; E O þ ; E jÂB Þ at a time in the Lorentz force (equation (1b)). The role of the gyromotion of the planetary ions in the Martian tail could also be studied in the future in the hybrid model, for example, by excluding the v Â B term in the Lorentz force.
[75] Finally, it is instructive to point out how the present simulation relates to previous 3-D hybrid [Shimazu, 2001] and MHD simulations [Liu et al., 1999 [Liu et al., , 2001 in which the role of planetary ions near Mars has been analyzed. A direct comparison between the models is, however, not so straightforward because of the different boundary conditions and atmospheric models used: In the previous hybrid model runs [Shimazu, 2001 ] the planet was treated as a gaseous body through which the plasma can flow freely and in which the ionization rate is a constant within the body, while in a 3-D MHD model [Liu et al., 1999 [Liu et al., , 2001 ], Mars was treated as an impenetrable obstacle that includes O + and O 2 + ionospheric sources that have SZA dependence but that do not include the oxygen corona. It is therefore difficult to separate effects caused by different upstream parameters, atmosphere and neutral corona models, different modeling approaches (fluid versus hybrid approach), or possibly different numerical schemes.
[76] Nevertheless, although the aforementioned differences limit the usefulness of a detailed quantitative comparison, it is useful to note certain qualitative similarities and differences. In the previous hybrid simulation made for Mars [Shimazu, 2001] , O + ions were found to move toward the +E SW hemisphere, and the magnitude of the magnetic field near the terminator plane was stronger in the +E SW hemisphere than in the ÀE SW hemisphere, in agreement with the present simulations. Furthermore, when the role of the mass of the escaping Venusian ions, and, consequently, the role of finite ion gyroradius, was analyzed, a hemispheric asymmetry was found when the planetary ions were assumed to be O + ions but not so much when they were H + ions. The result, as for previous hybrid simulations made for different upstream conditions and planetary radius cases [Brecht and Ferrante, 1991] and the runs analyzed in this paper, thus indicated the importance of the ion finite gyroradius in cases when the ion gyroradius is comparable to or exceeds the size of the interaction region formed near a planet.
[77] In the recent three-fluid 3-D MHD model that included H + , O + , and O 2 + ions [Liu et al., 2001 ] the total O + ion escape rate was found to be $0.4 Â 10 25 s
À1
, which is relatively close to the total O + ion escape rates obtained in this work (see Table 1 ). However, in the MHD model the velocity of O + ions in the tail (the velocity is the same for all three ion species) remains smaller than $100 km s À1 in the nightside [Liu et al., 2001, Figure 4] corresponding to a mass flux that is an order of magnitude higher than the mass flux associated with the escaping O + ions, (2) the assumption that the velocity of the three ion species in the MHD model are the same, or (3) the different ionosphere and obstacle boundary models used.
Summary
[78] A quasi-neutral hybrid model has been used to study the escape of Martian ions and the resulting mass-loading effects. The model produces a strong +E SW /ÀE SW hemispheric asymmetry where the plasma and field parameters change much more gradually in the +E SW hemisphere than in the opposite hemisphere. The asymmetry is due to the fact that the O + gyroradius is of the same order or even larger than the system size. The total mass loss rate of 100 -400 g of ions per second was found to best reproduce the observed plasma and field regions around the planet. The runs suggest that the planetary ions from the neutral corona may control the formation of the global interactions regions, while the planetary ions from the ionosphere may have much smaller spatial effects. Furthermore, O + and H + ions were found to have very different velocities in the nightside. Overall, the analysis shows quantitatively the importance of the planetary ions and the kinetic effects in the global Mars-solar wind interaction.
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